Objective-Plasmin is a key enzyme in fibrinolysis. We attempted to determine the possible role of plasmin in the regulation of vascular tone, while also investigating the mechanism of plasmin-induced vasorelaxation. Methods and Results-In porcine coronary artery, plasmin induced an endothelium-dependent relaxation. This relaxing effect was mostly abolished by a proteinase inhibitor, a plasmin inhibitor, or a nitric oxide (NO) synthase inhibitor. The preceding stimulation with plasmin significantly inhibited the subsequent relaxation induced by thrombin but not that induced by proteinase-activated receptor-1-activating peptide. The relaxation induced by trypsin and substance P remained unaffected by the preceding plasmin stimulation. The pretreatment with plasmin, thrombin, or trypsin significantly attenuated the plasmin-induced relaxation. In porcine coronary artery endothelial cells (PCAECs) and human umbilical vein endothelial cells (HUVECs), plasmin induced a transient elevation in the cytosolic Ca 2ϩ concentrations ([Ca 2ϩ ] i ). The preceding stimulation with plasmin inhibited the subsequent [Ca 2ϩ ] i elevation induced by thrombin but not that induced by trypsin. In PCAECs, plasmin concentration-dependently induced NO production. Conclusions-The present study demonstrated, for the first time, that plasmin induced an endothelium-dependent NO-mediated relaxation in the porcine coronary artery, while also showing plasmin to specifically inactivate the thrombin receptor. (Arterioscler Thromb Vasc Biol. 2007;27:949-954.)
P roteinases involved in the blood coagulation cascade not only play an important role in hemostasis but also exert various vascular effects such as the regulation of the vascular tone, tissue remodeling, and angiogenesis. 1, 2 Proteinase-activated receptors (PARs) play a major role in mediating such cellular effects of proteinases. [3] [4] [5] [6] PARs belong to a unique family of G protein-coupled receptor. 3 Four members of PARs have been cloned. PAR1, PAR3, and PAR4 serve as receptors for thrombin, whereas PAR1, PAR2, and PAR4 serve as receptors for trypsin. 3 The activation of PAR is initiated by the proteolytic cleavage at the specific site of the extracellular domain. 3 Under physiological conditions, thrombin and trypsin mainly have been reported to induce an endothelium-dependent vasorelaxation in various type of blood vessel. [5] [6] [7] We have previously reported that thrombin and trypsin induced a transient elevation of cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ) in vascular and aortic valve endothelial cells 8 -10 and an endothelium-dependent relaxation in the porcine coronary artery. 8, 9, 10, 11 Plasmin, as a key enzyme in fibrinolysis, has been reported to induce the cell migration in Chinese hamster ovary cells, 12 the cell proliferation in the murine thoracic aorta smooth muscle cells, 13 and an increase in the expression of Cyr61, a growth factor-like gene, in fibroblast. 14 These reports suggested PAR1 to mediate the cellular effects of plasmin. However, the roles of plasmin in the regulation of vascular tone still remain to be determined. Plasmin has been reported to cleave PAR1 at the C-terminal side of the tethered ligand region, thus inactivating the responsiveness of PAR1. 15, 16 Plasmin has been shown to cleave the extracellular region of PAR2 at the N-terminal side of the trypsin cleavage site as well as the trypsin site, 16 although it was also shown to attenuate the subsequent PAR2-mediated [Ca 2ϩ ] i elevation in the rat brain capillary endothelial cell. 17 Therefore, the receptor(s) that mediate the cellular effect of plasmin still remain controversial. The NO-dependent relaxant effect of plasmin has been reported in rat arteries. 18 However, the precise mechanism for the plasmin-induced relaxation and the receptors involved still remain to be elucidated.
In the present study, we aimed to determine the role of plasmin in the regulation of vascular tone and investigated the mechanism of plasmin-induced vasorelaxation in the porcine coronary artery. The effects of plasmin on [Ca 2ϩ ] i and the production of NO were also determined in the cultured endothelial cells. The present study demonstrated, for the first time, that plasmin induced an endothelium-dependent NOmediated relaxation in the porcine coronary artery, whereas it inhibited the endothelium-dependent relaxation induced by thrombin.
Materials and Methods
The contractile responses were evaluated using the isolated strips of the porcine right coronary artery, as previously described. 19 The changes in [Ca 2ϩ ] i were monitored in the fura-2-loaded porcine coronary artery endothelial cells (PCAECs) and human umbilical vein endothelial cells (HUVECs), as previously described. 11, 20, 21 The NO production was monitored in PCAECs using diaminorhosamine-4M fluorometry, as previously described. 22 An expanded Materials and Methods section can be found in the online data supplement at http://atvb.ahajournals.org.
Results

Plasmin-Induced Endothelium-Dependent Relaxation in the Porcine Coronary Artery
In the porcine coronary arterial strips, both with and without an endothelium upon exposure to 30 nmol/L U46619 (a thromboxane A 2 analog), the tension rapidly increased as it reached steady state, and it remained at this level for more than 15 minutes. The application of 300 nmol/L plasmin induced a rapid and transient relaxation during U46619-induced contraction ( Figure 1a ). After reaching its lowest level, the tension returned to a level similar to that seen before the application of plasmin. The evaluation of the concentration-dependent effects of plasmin indicated that plasmin induced a significant relaxation at 100 nmol/L and higher concentrations. The extent of the relaxation obtained with 300 nmol/L plasmin was 52.1Ϯ4.4% relaxation (nϭ4) ( Figure 1b ). The concentration of the stock solution of plasmin (in 50% glycerol) was 150 mol/L. It was thus impractical to use final concentrations higher than 300 nmol/L because the final concentrations of glycerol became higher than 0.1%. In the absence of an endothelium, plasmin has no significant relaxation ( Figure 1b ). The requirement of the proteinase activity for the relaxing effect of plasmin was examined ( Figure 1c ). The 10-minute preincubation of plasmin with a serine proteinase inhibitor, 4-aminidophenyl methane-sulfonyl fluoride (p-APMSF) or a plasmin inhibitor, tranexamic acid, substantially abrogated the relaxing effect of plasmin. In the presence of an NO synthase inhibitor, N -nitro-L-arginine methyl ester (L-NAME), the plasmin-induced relaxation was almost completely abolished ( Figure 1c ). p-APMSF and tranexamic acid had no effect on the U46619-induced contraction and the relaxation induced by 30 mol/L sodium nitroprusside (data not shown). The similar relaxant effect of plasmin was also observed during the precontraction induced by 118 mmol/L K ϩ or 30 mol/L prostaglandin (PG) F 2 ␣ (data not shown). Thrombin and trypsin also concentration-dependently induced a transient relaxation with an intact endothelium ( Figure I in the online data supplement). These relaxations were abolished by p-APMSF, but they were resistant to tranexamic acid. These observations are consistent with the findings of our previous reports. 8, 10 
Inhibition of Thrombin-Induced Relaxation by the Plasmin Pretreatment in Porcine Coronary Artery
To determine the possible involvement of PARs in the plasmin-induced relaxation, we examined the crossdesensitization between plasmin and thrombin or trypsin. After the 20-minute treatment with plasmin at the indicated concentrations, the strips were precontracted with U46619 in the absence of plasmin, and then consecutively stimulated with 3 U/mL thrombin, 100 nmol/L trypsin, and 100 nmol/L substance P (Figure 2a ). Substance P was used as a control stimulation to induce an endothelium-dependent relaxation in the porcine coronary artery. The level of the 30 nmol/L U46119-induced contraction after the pretreatment with plasmin (137.6Ϯ9.2%, nϭ5) did not differ from that obtained without the pretreatment with plasmin (130.0Ϯ12.1%, nϭ5). The preceding stimulation with thrombin had no significant effect on the subsequent relaxation induced by trypsin (supplemental Figure Ic versus Figure 2a ). The preceding stimulation with thrombin and trypsin had no significant influence on the substance P-induced relaxation (data not shown).
Pretreatment with 300 nmol/L plasmin significantly attenuated the thrombin-induced relaxation in comparison to that seen without the plasmin treatment, whereas the relaxations induced by trypsin and substance P remained unaffected (Figure 2a and 2b) . A significant attenuation of the thrombininduced relaxation was observed with 100 nmol/L and 300 nmol/L plasmin ( Figure 2c ). The longer pretreatment with plasmin did not cause greater inhibition in comparison to that seen with 20-minute pretreatment (data not shown). The and presence of 10 mol/L p-APMSF, 100 mol/L tranexamic acid (TXA), or 100 mol/L L-NAME with an intact endothelium. When the effects of p-APMSF and TXA on the plasmin-induced relaxation were examined, plasmin had been preincubated with p-APMSF or TXA for 10 minutes in a concentrated small volume, and then the mixture was applied to the organ bath to obtain the final concentrations indicated above. The levels of tension at rest and during the sustained phase of the U46619-induced contraction just before the applications of plasmin were assigned as values of 100% and 0% relaxation, respectively. The data are the meanϮSEM. *PϽ0.05, **PϽ0.01 vs the values without endothelium (b); *PϽ0.01 vs the control (c).
inhibitory effect of plasmin on the thrombin-induced relaxation was abolished by the pretreatment of plasmin with p-APMSF ( Figure 2d ). However, tranexamic acid had no significant effect on the inhibitory effect of plasmin. A PAR1 activating peptide TFLLR-NH 2 (10 mol/L) induced a transient endothelium-dependent relaxation, to the similar extent to that obtained with 3 U/mL thrombin (Figure 2e and 2f ). The pretreatment with 300 nmol/L plasmin had no significant effect on the relaxation induced by TFLLR-NH 2 , whereas the pretreatment with TFLLR-NH 2 slightly but significantly attenuated the relaxation induced by the second application of the TFLLR-NH 2 (Figure 2e and 2f).
Effects of Pretreatment With Thrombin and Trypsin on the Plasmin-Induced Relaxation in the Porcine Coronary Artery
We next examined the effects of the pretreatment with thrombin and trypsin on the plasmin-induced relaxation according to a similar protocol to that used in Figure 2 . The pretreatment with thrombin or trypsin had no significant effect on the level of the U46619-induced contraction (data not shown). When the strips were pretreated with 3 U/mL thrombin or 100 nmol/L trypsin for 20 minutes, and then precontracted by U46619 in the absence of thrombin and trypsin, the subsequent application of the same stimulation failed to induce any relaxations (Figure 3a and 3b ). The pretreatment with 300 nmol/L plasmin, 3 U/mL thrombin, and 100 nmol/L trypsin significantly but, only partly, attenuated the subsequent relaxation induced by plasmin ( Figure  3c ). The major part of the plasmin-induced relaxation was thus resistant to these pretreatments (Figure 3c ).
Negligible Involvement of Any Production of Vasoactive Peptides and Insulin-Like Growth Factor 1 Receptor in the Plasmin-Induced Relaxation
The observations in Figure 3 suggested that PAR1 to 4 play a negligible role, if any, in the plasmin-induced relaxation. and with the 20-minute pretreatment with 300 nmol/L plasmin in the absence (plasmin) or presence of 10 mol/L p-APMSF (ϩp-APMSF) or 100 mol/L tranexamic acid (ϩTXA). Plasmin had been preincubated with p-APMSF or TXA for 10 minutes in a concentrated small volume, and then the mixture was applied to the organ bath so as to obtain the final concentrations indicated above. e and f, Representative traces and a summary of the relaxation induced by 10 mol/L TFLLR-NH 2 during the 30 nmol/L U46619-induced contraction, without (control) and with the 20-minute pretreatment with 300 nmol/L plasmin or 10 mol/L TFLLR-NH 2 . The levels of tension at the rest and during the sustained phase of the U46619induced contraction just before the application of plasmin (d) and TFLLR-NH 2 (e and f) were assigned values of 100% and 0% relaxation, respectively. The data are the meanϮSEM. *PϽ0.05, **PϽ0.01; n.s., not significantly different vs the values obtained without the plasmin pretreatment (c) and the control (d and f). 
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Alternative possibility is that plasmin proteolytically generated vasoactive peptides or proteolytically activated the insulin receptor or insulin-like growth factor 1 receptor, thereby inducing the relaxation. 23, 24 Insulin and insulin-like growth factor 1 were reported to induce NO production and an endothelium-dependent relaxation. 25 To investigate the involvement of the proteolytic generation of vasoactive peptides in the plasmin-induced relaxation, we conducted a bath-transfer experiment (Figure 4 ) as previously reported. 26 After 300 nmol/L plasmin was applied during the U46619induced contraction, p-APMSF was added to the bath at a final concentration of 10 mol/L to terminate the proteolytic activity of plasmin (Figure 4a ). After the 10-minute incubation, the organ bath solution was transferred to the reporter tissue. The transferred bath solution did not induce any relaxation (Figure 4b ). However, when the donor tissue was first relaxed with 100 nmol/L substance P, p-APMSF was added, and then the bath solution was transferred to the reporter tissue, and the bath solution induced a relaxation similar to that seen in the donor tissue (Figure 4c and 4d ). The second possibility was ruled out based on the observation that 10 mol/L AG538, an inhibitor of insulin and insulin-like growth factor 1 receptors, had no significant effect on the plasmin-induced relaxation (data not shown).
Effect of Plasmin on the [Ca 2؉ ] i Elevation Induced by Thrombin and Trypsin in Endothelial Cells
The inhibitory effect of plasmin on the thrombin-induced relaxation suggested the endothelial cells to be a site of crosstalk between plasmin and thrombin. We thus directly examined the effect of plasmin on the [Ca 2ϩ ] i elevations induced by thrombin and trypsin in endothelial cells ( Figure 5 ). Plasmin induced a concentration-dependent, transient elevation of [Ca 2ϩ ] i at 100 nmol/L and higher concentrations in both PCAECs and HUVECs (Figure 5b and 5d through 5f) . The plasmin-induced [Ca 2ϩ ] i elevation was also abolished by the pretreatment of plasmin with p-APMSF (data not shown). Thrombin (3 U/mL) induced a transient [Ca 2ϩ ] i elevation both in PCAECs and HUVECs, whereas trypsin (100 nmol/L) induced a significant [Ca 2ϩ ] i elevation in only HUVECs (Figure 5a and 5c ). The preceding stimulation with plasmin concentration-dependently inhibited the subsequent [Ca 2ϩ ] i elevation induced by thrombin in both PCAECs and HUVECs (Figure 5e and 5f ). However, it had no significant effect on the response to 100 nmol/L trypsin in HUVECs (Figure 5f ). The addition of 30 nmol/L U46619, as in the protocol of Figure 2 , did not affect the inhibitory effect of plasmin on the thrombin-induced [Ca 2ϩ ] i elevation (data not shown).
NO Production in Response to Plasmin in PCAECs
Diaminorhosamine-4M fluorometry revealed plasmin to induce NO production in the concentrations similar to those required to induce vasorelaxation (supplemental Figure II) . The plasmininduced NO production was partly inhibited in the 1,2-bis(2aminophenoxy)ethane-N,N,NЈNЈ-tetraacetic acid (BAPTA)loaded cells (data not shown), thus suggesting a link between plasmin-induced [Ca 2ϩ ] i elevation and NO production.
Discussion
The present study demonstrated, for the first time, that plasmin induces an endothelium-dependent vasorelaxation in the porcine coronary artery and [Ca 2ϩ ] i elevation and NO production in the cultured endothelial cells. The plasmin-induced vasorelaxation was completely abolished in the absence of endothelium or in the presence of L-NAME. Plasmin induced NO production in the cultured endothelial cells in a similar concentration range to that required to induce vasorelaxation. These observations thus suggested that the endothelium-derived NO played a major role in mediating the plasmin-induced relaxation. In the porcine coronary artery, we have previously reported the endothelium-derived NO and hyperpolarization to be the major mechanisms mediating the relaxation induced by thrombin and trypsin. 8, 11 Others have also indicated that endothelium-derived NO and hyperpolarization are responsible for the thrombin and trypsin-induced relaxations observed in the human, porcine, and dog coronary artery and rat aorta. [27] [28] [29] In this respect, the plasmin-induced relaxation is distinct from that induced by thrombin and trypsin. The identity of the receptor that mediates the plasmininduced relaxation still remains to be determined. Our observations that the relaxing effect of plasmin was abolished by p-APMSF and tranexamic acid indicated that the proteolytic activity of plasmin was required for its relaxing effect, thus suggesting that a mechanism similar to that of PARs may thus be involved in the plasmin-induced relaxation. Plasmin is listed as an activating proteinase for PAR1, 2 although it is also listed as an inactivating proteinase for PAR1. 4, 5 Plasmin has been shown to cleave the recombinant proteins corresponding to the extracellular domain of PAR1 mainly at the C-terminal side of the ligand region, although plasmin also cleaved it at the same site as that cleaved by thrombin. 15, 16 In the present study, the greater part of the plasmin-induced relaxation was resistant to the preceding stimulation with thrombin or trypsin, whereas the relaxation induced by thrombin and trypsin was almost completely abolished. These observations thus suggested that the receptors for thrombin and trypsin played only a minor role in the plasmin-induced relaxation. Some other receptors are thus suggested to be involved in the plasmin-induced relaxation. On the contrary, the preceding stimulation with plasmin significantly attenuated the thrombin-induced vasorelaxation and the [Ca 2ϩ ] i elevation in the cultured endothelial cells, although it had no significant effect on the trypsin-induced vasorelaxation and the [Ca 2ϩ ] i elevation. These observations thus suggested that plasmin inactivated the thrombin receptor, while having no significant effect on the trypsin receptor. Such an inactivating effect of plasmin on thrombin receptor is consistent with the effect of plasmin on the cleavage of PAR1. 15, 16 It should be noted that the inactivating effect of plasmin on the thrombin receptor was resistant, whereas the relaxing effect of plasmin was sensitive to tranexamic acid. Both effects of plasmin, however, were inhibited by p-APMSF, an irreversible pro-teinase inhibitor. 30 The inhibitory effect of tranexamic acid on plasmin is considered to be attributable to the interference of the interaction between plasmin and its substrates but not caused by the direct inhibition of the proteolytic activity. 31 The differential sensitivity toward tranexamic acid thus supports the notion that the receptor mediating the relaxing effect of plasmin is distinct from the thrombin receptor.
The currently known PARs cannot account for the plasmininduced relaxation. An atypical PAR may be involved in the plasmin-induced relaxation. Indeed, such an atypical PAR has been proposed for trypsin. 27 We have also proposed the possible involvement of a novel member of PAR in the trypsin-induced rat myometrial contraction. 26, 32 However, proposing such PARlike mechanism for the effect of plasmin is apparently inconsistent with the fact that the plasmin-induced relaxation was mostly resistant to the preceding stimulation with plasmin. In contrast, the relaxation induced by thrombin and trypsin was almost completely abolished by the preceding same stimulation, which is consistent with the mechanism of PAR. 3, 4 However, such proteolytic inactivation is also a concentration-dependent phenomenon, as we have reported for the inactivating effect of trypsin on the thrombin receptor. 9 It is thus possible that the 300 nmol/L plasmin was insufficient to cause the complete inhibition of the subsequent response to plasmin. In this case, the PAR-like mechanism may thus be involved in the plasmin-induced relaxation, and the partial attenuation of the relaxant effect of plasmin by the preceding stimulation with plasmin is considered to be attributable to the partial proteolytic inactivation of the putative plasmin receptor. The possibility of the proteolytic production of some vasoactive peptides by plasmin was not supported by the bath transfer experiments. The possible involvement of the proteolytic activation of insulin receptor was also ruled out. As a result, a novel member of PARs is thus suggested to mediate the plasmin-induced relaxation.
It has been reported that the plasma concentration of plasmin could increase from 5 to 10 nmol/L under basal conditions, up to 300 nmol/L under such pathophysiological conditions as endotoxin shock, vascular remodeling, or wound healing. 14, 33 Therefore, the concentrations of plasmin required to induce NO production and vasorelaxation could be achievable in situ. The observed plasmin-induced NOmediated vasorelaxation is thus operable under either physiological or pathophysiological conditions. It is well known that the activation of PARs induces an endotheliumdependent relaxation in the isolated arteries. [3] [4] [5] [6] A limited number of studies demonstrate that the activation of PAR1 or PAR2 increases blood flow in vivo and also suggest a possible link between the in vitro observation of the endothelium-dependent relaxation and the in vivo flow regulation. 34, 35 It is thus conceivable that the relaxant effect of plasmin may be linked to the flow regulation. However, the in vivo role of the relaxant effect of plasmin remains to be investigated. An indication of our discovery is that plasmin can induce cellular effects in vascular endothelial cells. Thrombin is known to induce not only a transient endothelium-dependent relaxation but also the phenotypic conversion to the proinflammatory phenotype in vascular endothelial cells, thus contributing to the pathogenesis of vascular diseases. 36 Our discovery of the endothelial action of plasmin
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may thus imply such a role for plasmin. However, this possibility remains to be elucidated.
In conclusion, the present study demonstrated, for the first time, that plasmin induced an endothelium-dependent NOmediated relaxation in the porcine coronary artery, while also showing plasmin to inactivate the receptor for thrombin. The identity of a putative plasmin receptor mediating the NO production and the relaxing effect remains to be elucidated. Plasmin is a key enzyme in fibrinolysis, thus antagonizing the thrombotic effect of thrombin. The present study thus proposes a novel function for plasmin as a regulator of vascular tone, while also proposing a new aspect of the interaction between plasmin and thrombin. Plasmin is therefore suggested to antagonize not only the thrombotic effect of thrombin but also the cellular effect of thrombin at the receptor level.
